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THE LASL FAST LINER EXPER114EN’fc

AbSTIiACT

The LASL Fast Liner Experiment explores a fusion concept in

which a prepared plasma 18 adiabatically compressed to

thermonuclear temperatures and densitie~ by a rapidly implodlng

aolld metal liner. A prepared plasma having ~> 1 is In contact

with the liner and end plugs, and contains an embedded magnetic

riela to inhibit tnermal conduction. Cylindrical liners are

~a&netically imploded by a larOe axial current carried in the

liner snell. Theoretical estir.nmtesindicate an implo~lon

velocity of at least 106 cm/S is necessary for this geometry If

the plasma heating rate is to be greatm than tne cros~-field

thermal conduction loss rate. Our experimental work to aevdop

this concept Involves atteupta to provide a cuitable preplasma

fcr liner implosions aB Well UB OUJdiGM Of magnetically driven

liner implosions. In the plasmm preparation ●xperiments a

comxial plwrna gun wan used to inject plmsmm into a simulated

liner &eoc’try. About 21@ afber plasmm injection a dendtj of

3 X 1016 cm-g, a temperature of 40 ●V, and an embedded azimuthal

field of 10 kG were measured. In the Implomion mtudiem

cylindrical aluminum laners here imploded by Z-pinch currents of

10-15 MA produced by the Scyllac capmitor bank. SymmeLri~al

~~rk performed under the auspices of the U.S. Department of

Lnergy.
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implosions having velocities in the range 4-6 x 105 cm/s have

been obtainea for liners having typical initial dimensions 10-cm

long, 5-cm diameter, and l-mm thick using a 1.75 MJ Section Of

the bank. Implosion velocities of 9-10 x 105 ends were observed

fo~ 6-cm-long, 5.6-c~-diameter, l-mm-thick liners ariven by a

2.4 MJ $ection of tne Dank. Th~ obperved velocities and

trajectories agree well with the predicLion3 of a

one-dimensional code, CtiAMISA,

—

1. IhThODIJCTIOh

The con~ept of compressing a pla3ma to therrconuclear

conditions by tieansof impla~ing metal liners has been discussed

by various auth~rs for many yc%r~. Thc’ iden apparently gr?w

from early experimen~s in which explosively driven liners were

uses to proauc!emqgnt?t.icfields having pressure in the Mbar

ranee. In the LASL Fast Liner Experiment we haVe been exploring

one area of this gmneral concept that combines aspects of both

inertinl and uagnetic confincmen?. A thin mclid metal liner

cvirriesa large electrical current and i~ magnetically imploded

by the pinch eff~et upon a previously prep~red plasma. The

prepared plasuiais w~ll-~upp~i’ted by the liner and ~ontains an

embedded magnetic field to inhibit thermal conduction. The

uetal liner acta 10 ine?tially confine the Compressed plasma

during the burn and energy losses are alowml by the embedded

magnetie field, hencr the combinat~on cf inertial and magnetic

confinement, This particul~r urea of th~ lmp:odin& liner
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approacn to fusion has previously been investigated by

S. G. Alikhanov and coworkers at the Kurchatov Institute [1] and

has a130 recently been discussed by J. G. Linhart. [2]

Me have concentrated on a cylindrical &eometry, illustrated

in Fi&. 1, in which the drivink magnetic field and the magnetic

field embedded in the plasma are both in the azimuthal direction

and solid end plugs are employed. An analytical •o~el o? the

nesting of a plasma by such an imploding iiner [3] and a

conceptual design for a fast-liner reactor [4] have been

presented elsewhhre. Estimates based on the analytical model

for plasma heating and on heat losses by one-dimensional

cross-field thermal conduction indicate a liner implosion

velocity of at least 106 cm/s is required if the plasma heating

rate i9 to oe breater than the thermal IOY3 rate. These

calculations also indicate that initial plasm~ parameters of a

aensity of several times 1017 cm-g, a temperntuw of a few

hundrea ●V, and m embedded magnetic field of around 8 T wo’~ld

be required for react,or conditions. However, parameter of

1017 cm-3, 100 eV, and 20 kG uould be mdequate to te~t the

concept if liner velocities of 106 cm/s could be achieved.

2. PLASMA PFIEPARATIOhEXPEFIIMEI{TS

The purpose of these experiments was to procure a wa~m

ma~netized plasma in 19 gt!ometry euitmble for use in a liner

lmplonion experiment to aid Understanding the physics of the

heatin8 of a wall-suppwted plasm~. A large coaxial plasma Run

(150-cm long, 30-cm diameter outer ●lectrode, and 10-cm diameter

inner electrode) was modified by the addition of a copper cone
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LO its outer electrode. The cone tapered the sO-cm electrode

diameter to a 10-cm diameter in a distance of 20 cm. A 10-cm

diameter 10-cm long liner volume was attached to the ‘mall end

of the cone. The cylinder wall was thicker than a liner and had

hole9 in it for diagnostics. Several ❑edifications to the inner

were tried in combination with theelect-ode geometry

modifications just aesc?ibed. The geometry for the results

reported here is shown in Fig. 2. tiotethat plasma is inJected

through a 1.2 cm annulus which in an implosion experiment would

bccor.ue3ealed off by the motion of the liner. Copper, titanium,

Lungsterl, and tantalum were used as materials for the walls in

the simulated liner region. Tantalum and tungsten appeared to

give better plasma parameters than the ~ther materip.is,and the

results for tantalum are ~iven.

Plasma Leaperature, density, and magn~tic field were

ueasured within the simulat..’lliner regiol:. Plasm9 temperature

Was ~e~gurpd on tk,e midplane Gf tne region 2.5 cm off the

~ymuetry axis using Thomson scattering. The density was

measured I,sing a sin~le-pasn interferometer, along a cord

irltersectin~ t!i~ Thonson scattering volume. The magnetic field

b~s mea~ured using a 100p in a me;a?..walled jacket. The loop

uas located 2.5 cm off the eymmetry axis and 2.5 cm from the

rear ●nd w~ll. The measured plasma parameters ar+ shown as a

function of time in Fig. 3. At 2 4S after inJection B z 9 kG,

Te . 38 ev, and n . 2,5 x 1016 cm-~. These parnmters are clcse

to the denired condition$ for a liner shot, buttici~ii a 0.8 SO

the ions are not magnetized. The expected thermal decay rate

for Unma&netiZOd ion conduction In about 20 tio, whereas the

I
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observed aecay rate from the data of Fig. 3 i3 about 12 &s. ln

a liner irnplczion the ions would become magnetized during

compression.

3. LINLliIMP1OSION EXPERIMENTS

Liner implosion experiments were conducted without plasma

on a section of the Syllac capacitor bank [sJ at Los Alamos.

The bank is configured in fifteen racks, each haVing a capacity

of 389UF. JI series of implosion experiments was done at bank

energies of 1.75 and 1.45 MJ using three racks; seven racks we?e

used for a shot at 2.75 MJ, after which six racks were used for

9P,otsat 2.36 HJ.

The diagnostics employed were mea9uremenLs of the drivi!ig

current and Voltnge, flux compression of a l-kG axial seed

field, contact probes, and flash x rays. All of these

dia~nostics give information about the liner tra,jec!tory,and the

:FI~tthree can yiela inf~rmation ebout azimuthal 3yM,MetryandtOr

axial unifcrmi~y as well. The drivina current was ❑easured by a

RDgotiskiloop between the collector plates aL m radius of about

70 (’!U!. The driVit)& voltage acx’oss the collector plate was

measured ne~r the 70-cm radius and also at the liner. If all

the current flows in ~hc liner, r(t) is en aver~ge rndius of the

?.in~~. The driving rdrrcnt and voltage is us~d to determirle ~~

average radial po8ition ~f t$e Criving cur~ent 83 m funrtion of

time. Assuming that the resi~tive losnes are runnlland that nll

the change of inductance IR due to liner motion, th~

relationship V = L~ + Ii can be integrated for L(t) and henc~
.

r(t) since V, I, and 1 are rnoanurodaD m function of time.
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ln the flux compression measurement an initial axial field

ho is established inside the liner and a magnetic probe is

placed on mxi9. To a first approximation the flux within the

liner is conserved on the time scale of the implosion allowing

the trajectory to be determined from the fiela v~lues. The

voltage from the probe is proportional to V/rB, where v is the

velocity of the liner, so the measurement is insensitive at

early :imes when v is low and r is maximum. By tb.eend of the

implmion the liner has become resistive because of ohmic

heating from the large driving current (10-15 MA), and again the

measurement becomes subject to error. It was found, however,

LhaL in the approximate range 1.5 cm > r > 0.5 cm the trajectory

deduced from the flux compression measurement agreed well with

the otl)erdiagnostics. Axial uniformity of the implosions was

checked by ~ mea~uring r(t) in this manner at several aximl

pnsitions on a given shot.

Conthct probes were made from very small ❑etal coaxial

conductors. These uere used to determine the time of arrival of

the liner at a given point. If’ used, the number of contact

probe~ emp!cyed on a given ~hot ra~ged f’romthree to six. khen

we attempted to use contact probes to check nzimhthal symmetry

no significant information was obtnined becau~c of electrical

noise problems. houever, on other shotn when contact probes

uere used to check the Trajectory of the liner results were

obtained which agreoa with the other dingnostic~.

Flash x rayn were mtt.euptedon a nl!mberof liner implosion

shots--l8O kY ~nd 300 kV x-ray sources were used. The best

renu;t9 wer’c obhined with the sOO-kV source. The x-ray head
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wa~ located two meters from the liner on the axi~ of symmetry.

Tnert? was a 2.5 cm hole in the blast containnu?ntvessel for the

x rays 88 cm from the Iifier. The film was located 41 cm on the

other side of the liner. be had considerable difficulty

protecting the film from the shrapnel of a liner shot, but x-ray

snadowgraphs uere obtained on 3ome shots.

The res~lts of our experimental ❑easurements on th~ l.ner

implo~ion were compared with a numerical model for the expected

implosion dynamics. Our liner implosion code, CHAMISA, has heen

described in ‘cf. 3. CHAMISA is a one-dimensional, Lagrangian,

hydrodynamic coae with a detailed treatment of the equation Of

state cf the liner material. [6] It, contains a ❑odel for the

electrical resistivity at high temperature and pressure,

allowing treatment of the problem of the nonlinear diffusion of

the driving current through the liner material. The electrical

circuit is incluaed, so that a liner trajectory can be

calculated if the cmpacitor bank and feedplate electrical

parameters are given.

Some experimental results for ;.4 FIJshots are ~hown in

Figs. 4 and 5. The liner dimensions for these Bnots were 1O-clc

length, 5-cm d.lmneter, and 1 mm thick. Figure 4 shows a

comparison of the trajectory deduced from the drivin8 current

and voltage with three points in the useable range of the

trajectory deauced from flux compre~nion. Also shown is the

position of the liner at a particular time given by the flash

x-ray photograph. Although the x-ray photo was not an clear a~

we would have likud due to plate damage, It BhOW? &ood azimu~hnl

nymmetry. The point labeled on Fig. 4 as ‘abrupt current
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changen denotes the time when the liner implosion hit axi3.

This point is ch~racterized by K discontinuity in the slope of

the current trace caused by the sudden ending of the Ii

contrition to the voltage. The external circuit inductance is

not known exactly; therefore it &as used as a fittin~ parameter

in CHAMISA. A value of 6.5 nH (which is quite reasonable) gave

excellent agreement both in shape and ❑agnitude between the

mf:asuredand calculated driving currents. The liner trajectory

is then calculated with no further free parameters. Figure 5

shows the results of the calculation for the inner and outer

raaics c~f the liner along with the position of the current

deduced from the voltage ana current measurements. Also shown

is tne position of the inner surface of the liner at three times

as determined by the contact probes and che arrival of the liner

on hxis and the arrival of the liner on axi~ a9 determined from

the current trace. The Rgreement between the measurements and

th~ calculations exhibited i~ Fig. 5 is con~idered by us to be

evidence thpt the implosion dynamics indeed follow close to the

predicting of the code. The final implosion velocities

aeterminetYfrom the e$rimental data for these 1.4 MJ shots

ranged from 3-6 km/s except when there was a capacitor bank

malfunction.

Figure 6 s?.how~the trajectory preaicted by CHAMISA and the

experimental data obtained for a 2.4 NJ shot. f% this

particular shot flux c~m;~ressior,datn was not obtained, but the

contact of’ the liner with the ❑agnetic probe on axis wam

detected. The liner dimensions for the 2.4 J4J shots were 6-cm

length, 2.8-CIIIradius, and l-mm thickness. The trajectories
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aeduced fr~ffithe arlving current and Volta&e traces were not

reasonable. They showed a finite velocity at t=O and a higher

apceleretign for the first couple microseconds t>an Uas

possible. The velocity in~erred from the discrete experimental

points in Fig. 6 is lG lau/s,in agreement with the prediction of

CHARISA.

An x-ray shaaowgraph of the imploding liner in a 2.4 hl

shcitis snown in Fig. 7. This reproduction is negative so white

color indicates mass. The outer edge of the dark disc is at

r=2 cm and is the boundary between the sliding contact (opaque)

and the end windows. The white spots on axis ana the white

radial streaks are magnetic probes, pin plobes, and slgn~l

wires. This exposure uas t~ken on the shot presented in Fig. 6.

The liner has nearly completed its implosion. lt~ inner ,madius

is at about 7 mm, and at the time of this exposure its velocity

was 106 Cm/g. The liner implosion is seen to be azimuthally

symmetric. The fuzzy appearance of tne outer ed~e of the liner

in Fig. 10 is caused by the fact that the ❑aterial there has

been vaporized by the ohmic heating associated with the

penetration of the driVing current intc the liner. The inner

edge of the liner i~ still solid, and a slight fuzz:.nessof the

image tne~e is due to resolution effectB and to Y ray scattering

in the pl~tes protecting the film.



-11-

FiEFERIACES

[1] ALIKHAN(-JV,S.G., et al, mPlasaa Physics and Contrcl’ied
Nuclear Fwion Researchn 3, JAEA, Vienna (1977) 517.

[2] LINliART,J.Go, Nucl. kusion~ (1979) 264.

[3] GF~hIN, h.A., MALONE, R.C., Nucl. Fusion ~ (1979! 155.

[4] MUSES, R.k., khAKCJkSliI,h.A., hILLLh, R.L., “A Conceptual
Design of the Fast-Liner Keactor (FLR) for Fusion PowerPH
LOS ~lamos Scientific LaL~ratory Report L-7686-MS (1979).

[51 HW, E.L., MI~QuRT, G.I).,GR~B6Lh, R.E’., HAhMh, C.F.,
hANKS, h.k., WINh, k.h., SAWER, G.A., Proceedings of the
6tt.bympos.iun af Fusion Tetihnology,Aachen, September
22-25, 1970. (Luratom, CID, Luxembourg, Dec. 1970) 227.
Luxembourg, Uec. 1970) 227.

[61 MMES, J.F., Wfs. Rewt.li3, (1967) 269.



FIGbhL CAPTIONS

FIG. 1.

F’IG.2.

FIG. 3.

FiG. 4.

FIG. 5.

FIG. 6.

FIG. 7.

Geometry cf the LASL Fast L. ,er concept.

Plasma preparation experimental configuration.

Gun-injected plasma parameters as a function of time.

Comparison of l.ver trajectory calculated from V(t)
and I(t) with other experimentally determined
positions.

Comparison of theoretical and ❑easured liner
trajectories for a 1.4-MJ Shot.

Computed trajectory and experimentally determined
positions for a 2.4-hJ shot.

Flasn x-ray photograph of an imploding liner.
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